INTRODUCTION
Osteosarcoma is the primary malignant bone tumor that most commonly affects children, adolescents, and young adults. Osteosarcoma exhibits a predilection to occur in the metaphysis of long bones, and most commonly occurs in the distal femur (43%), proximal tibia (23%), or humerus (10%). 1 The typical presentation includes onset of pain and swelling in the affected bone; a hallmark of the pain is that it is sufficiently intense to wake the patient from sleep. Occasionally, patients will present dramatically, with the onset of severe pain or other signs associated with a pathologic fracture. Approximately 15% to 20% of patients will have clinically detectable metastases at presentation. More than 85% of metastatic disease occurs in the lung, the most common site of metastasis, whereas bone is the second most common site of distant disease. 1 The treatment for osteosarcoma was described in the medical literature as early as the mid-19th century. Since that time, treatment has advanced from amputation to complex limb-sparing surgeries and has incorporated multiagent chemotherapy. However, the pathway to current standard therapy, as well as the advancement of treatment to improve prognosis, has been something of a maze; there have been complicated turns and walls have been frequently hit that have slowed progress, particularly during the last 30 years. Fortunately, collaboration between cooperative groups across the United States and Europe has led to more unified treatment strategies and most recently included a trial that spanned continents, with the goal of influencing prognosis.
OSTEOSARCOMA TREATMENT STRATEGIES
The current management strategy for newly diagnosed osteosarcoma includes neoadjuvant chemotherapy followed by surgical removal of the primary tumor along with all clinically evident metastatic disease, plus the addition of adjuvant chemotherapy after surgery. This seemingly straightforward approach has developed out of sequential clinical trials that assessed the importance and type of chemotherapy and timing of surgery. Multiple clinical trials conducted throughout the 1970s and early 1980s demonstrated improved prognosis using singleagent and combination chemotherapy. 2 However, in a retrospective analysis at the Mayo Clinic, an improvement in prognosis was described that was independent of adjuvant chemotherapy, with a 35% to 40% reported survival rate. 3 This led investigators at the Mayo Clinic to conduct a randomized clinical trial through the late 1970s that failed to demonstrate a benefit from methotrexate and raised a general concern about the use of historic controls 4 as a basis for claiming benefit or lack of benefit of a treatment. Therefore, the Multi-Institutional Osteosarcoma Study (MIOS) was developed and definitively demonstrated the superiority of chemotherapy plus surgery compared with surgery alone. MIOS was conducted from 1982 to 1984, and 113 patients were randomly assigned to receive chemotherapy after surgery versus surgery alone. The results of this trial demonstrated an 11% 6-year survival rate for those who received surgery alone compared with a 61% 6-year survival rate for the group that received surgery and adjuvant chemotherapy.
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During this same time period, investigators focused on efforts to increase the number of patients receiving limb-sparing surgeries. At Memorial Sloan Kettering Cancer Center (MSKCC), neoadjuvant chemotherapy was introduced in the T10 protocol in an effort to allow extra time for construction of prosthetic devices, which also had the theoretical advantage of treating presumed micrometastatic disease that was present at diagnosis. 6 The outcome of this trial was similar to that of MIOS, with a 65% survival rate at 5 years. In addition, data regarding the association between prognosis and histologic necrosis began to emerge in single-and multi-institutional studies in the United States and across Europe, 7-9 supporting this general strategy with respect to the timing of surgery.
However, concerns regarding the possibility that the presence of a large tumor could lead to resistant cells or an increase in micrometastatic disease during neoadjuvant chemotherapy led the Pediatric Oncology Group to conduct a randomized clinical trial comparing neoadjuvant to adjuvant chemotherapy. 10 The results of this study revealed a similar outcome for the adjuvant and neoadjuvant groups. On the basis of these results, the use of preoperative chemotherapy has become the standard of care, given its advantages: it allows time for surgical planning, potentially facilitates tumor removal, and permits evaluation of response to therapy.
Initial trials assessing good-and poor-responder groups revealed that those with more than 90% necrosis after neoadjuvant chemotherapy had a greater than 90% 5-year event-free survival.
11,12 However, for patients with poor histologic response, considered to be less than 90% necrosis, the 5-year survival was only 50% to 60%.
7,11-13 These data have been critical in attempts to identify patients who may benefit from therapy modifications that aim to increase the number of good responders after neoadjuvant therapy. An initial attempt to alter therapy indicated a benefit for those who had poor necrosis. 8 However, longer follow-up of these patients 14 and additional studies by other investigators have not been able to reproduce that result. 13 Intensification of neoadjuvant chemotherapy increased the number of good responders but did not alter the overall survival and diminished the value of prognostication on the basis of histologic response. 15 In addition, the European Osteosarcoma Intergroup (EOI) evaluated dose compression of neoadjuvant chemotherapy with the use of granulocyte colony-stimulating factor so that chemotherapy could be given every 2 versus every 3 weeks as a means to enhance tumor response. Although 50% of patients in the dose-compression group achieved good necrosis versus 36% of those who received chemotherapy according to standard timing, there was no survival advantage with dose compression.
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CHOICE OF CHEMOTHERAPY
A variety of chemotherapy regimens have been used to treat osteosarcoma since chemotherapy was introduced more than 40 years ago. The regimen used in the MIOS trial included the MAP combination.
5
Some controversy had existed regarding the importance of methotrexate in treating osteosarcoma, although many of the initial concerns were raised in nonrandomized studies. 17, 18 In addition, although a randomized EOI study did not show an advantage with inclusion of methotrexate, the dose used may have been suboptimal, and the survival of the patients in the study overall was poor. 19 More recently, methotrexate has been accepted as a standard agent in North America and Europe, and at this point, the use of methotrexate is a historical debate that is no longer relevant in these regions. 20 Marti et al 21 first reported a 33% response rate for ifosfamide in lung recurrence of osteosarcoma; other groups subsequently confirmed its activity as monotherapy. [22] [23] [24] Since that time, a variety of cooperative groups in the United States and Europe have incorporated ifosfamide into multiagent regimens, either alone or in combination with etoposide.
2, 25 However, the lack of benefit and increased toxicity seen in recent trials, which will be discussed subsequently, leaves ifosfamide as a useful option in the relapsed or refractory setting. These data can similarly be inferred by considering the major randomized phase III trials conducted during this interval of time, none of which have resulted in a change to the standard of care in North America (Fig 1) . Lacking prognostic factors at the time of diagnosis other than the presence or absence of metastatic disease (Fig 2) , numerous trials have been conducted in an attempt to augment chemotherapy in patients with an inferior histologic response, and in some cases, to reduce therapy in those with a favorable response. As mentioned previously, other than the initial MSKCC T10 study, none of the studies augmenting chemotherapy in poor responders has improved the outcome of patients with osteosarcoma. Similarly, reduction of therapy in favorable responders resulted in inferior survival outcomes. With the inability to change outcome after response, several studies have assessed the ability to improve the outcome of patients with osteosarcoma by intensifying preoperative chemotherapy to increase the proportion of patients with a favorable degree of necrosis. These studies, reported by the Rizzoli Institute, the EOI, and MSKCC, all succeeded in increasing the proportion of patients with a favorable histologic response but failed to improve patient survival. Other studies have explored the utility of specific chemotherapy agents or delivery of chemotherapy via intra-arterial routes, 28 ,31 none of which has changed current treatment approaches. In addition, no clinical or biologic factors beyond the presence or absence of radiographically visible metastatic disease exist at the time of diagnosis with which to stratify patient therapy (Fig 2) .
LACK OF IMPROVEMENT IN OUTCOME IN PHASE III CLINICAL TRIALS
The most recently completed Children's Cancer Group/Pediatric Oncology Group trial INT-0133 was an evaluation in a 2 ϫ 2 factorial design to determine whether the addition of ifosfamide and/or muramyl tripeptide-phosphatidyl ethanolamine to a standard high-dose methotrexate, cisplatin, and doxorubicin chemotherapy regimen improved outcomes for patients with osteosarcoma. 29 Results of INT-0133 have been difficult to interpret because the original publication, reporting on event-free survival, suggested an interaction between the experimental strategies that precluded statistical analysis.
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However, additional follow-up and use of an overall survival end point suggested no evidence of such an interaction, and a significant improvement in overall survival was observed for patients receiving mifamurtide, regardless of chemotherapy regimen. 29 This has created significant controversy, and although mifamurtide has been approved in Europe for the treatment of patients with osteosarcoma, its use there remains sporadic, and mifamurtide is unavailable in the United States. This study did clearly establish the lack of benefit of the addition of ifosfamide.
COLLABORATIVE EFFORTS TO IMPROVE OUTCOMES
Histologic response to preoperative chemotherapy was long identified as an important prognostic factor, with poor responders, usually defined as those with 10% or more of viable tumor remaining in the resected specimen, faring significantly worse than good responders. However, previous studies that modified treatment on the basis of histologic response were not randomized. It is estimated that any randomized trial focusing on either good or poor responders would require more than 600 to 700 patients each, bringing the total to well above 1,200 patients. Even the largest international groups would need more than a decade, and perhaps even several decades, to complete such trials individually. It therefore became obvious that any prospective randomized trial of response-guided treatment modifications would require large-scale, multisite, multinational, intergroup collaboration.
After discussions during the 2001 SIOP meeting in Brisbane, Australia, four multinational groups from North America and Europe, each with a long history of successful trials, decided to join forces in the European and American Osteosarcoma Study Group (EURAMOS). These were the Children's Oncology Group (COG), the Cooperative Osteosarcoma Study Group, the EOI, and the Scandinavian Sarcoma Group. Taken together, they represent 17 countries with a population of close to 600,000,000 individuals. The objectives of the study included determining whether the addition of high-dose ifosfamide and etoposide to postoperative chemotherapy would improve outcomes for patients whose osteosarcomas responded poorly to standard preoperative chemotherapy, and determining whether maintenance treatment with pegylated interferon alfa-2b after completion of chemotherapy would further improve the prognosis of good responders. 32 To simplify decision-making processes, the four participating groups nominated one principal investigator (PI) each. These four PIs acted as spokespersons for their respective constituencies, thereby mitigating potential heterogeneities arising from within the individual groups. Along with other individuals, the PIs participated in a Trial Management Group, which drafted the protocol and was responsible for day-to-day work. Several other intergroup bodies, such as a Coordinating Data Center and an Intergroup Safety Desk, were implemented and took on essential trial functions.
Although the groups came from different backgrounds and had used different chemotherapy backbones in their previous trials, 2,33 agreeing on a three-drug standard of high-dose MAP proved one of the lesser challenges. Standards and procedures were defined in a joint uniform study protocol and a joint common appendix. In addition, group-specific appendices allowed additional aspects to be addressed that were relevant to individual groups. Using well-established infrastructures, with each of the four groups' data centers acting as regional hubs, proved beneficial and allowed for the required flexibility. It soon became obvious that separate national coordinators were also needed for obtaining ethical and regulatory approval and national funding and, if required, insurance. Metastatic disease Localized disease
The EURAMOS-1 trial fell during a time period when transatlantic collaboration in oncology was confronted with increasingly complex regulatory requirements. 34 In Europe, for example, it coincided with the European Union (EU) Clinical Trials Directive 2001/ 20. This directive's original aim was to simplify and harmonize administrative procedures governing trials across Europe. This harmonization was impeded and diluted during translation of the directive into national legislation in the EU's many member states. Although the directive did impose greatly increased bureaucratic and financial burdens for clinical trials, it did not result in the harmonized regulatory framework from which academic trials would have benefited.
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Obtaining funding for such a multinational endeavor proved an additional challenge. Although various national funding schemes were in place, none would cover all aspects of such an international project. In the end, European participation only became possible through successful grant applications within the Pan-European Clinical Trials EUROCORES (European Collaborative Research) of the European Science Foundation.
The first patient for EURAMOS-1 was recruited early in 2005, and international recruitment approached the expected rate by the end of that year. Altogether, 2,260 patients from 326 institutions were recruited by June 2011, 37 and the primary outcome measures from both the good-responder and the poor-responder random assignments have now been reported. In the good-responder cohort, no significant difference was observed between those randomly assigned to continue standard chemotherapy and those randomly assigned to continue chemotherapy plus pegylated interferon alfa-2b. 38 Analysis of the poor responders has revealed an increase in toxicity, with more patients receiving lower cumulative doses of methotrexate and unable to complete therapy, and a higher rate of second malignant neoplasms, with no difference in outcome for those randomly assigned to receive high-dose ifosfamide and etoposide. 39 Therefore, although histologic response does provide prognostic information, this information should not be used to guide decisions about postoperative systemic treatment and may not have a role in future clinical trials. As an additional outcome, the EURAMOS trial serves as a model for international collaboration, and the resulting infrastructure can be used for future collaborative trials.
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BIOLOGIC UNDERSTANDING AND ITS IMPACT ON CLINICAL TRIALS DEVELOPMENT
Tremendous efforts have been made to define the biology of osteosarcoma in the hopes of developing therapeutic leads from that information. The combination of osteosarcoma genome complexity 40 with the low incidence of these tumors is an obstacle to thorough investigation of osteosarcoma genome biology. When considering the full spectrum of osteosarcoma subtypes, it is clear that there are significant biologic differences among subtypes. When this complexity is coupled with the lack of an obvious precursor lesion, it is difficult to define the initiating events in osteosarcoma formation. That said, alterations in p53 are invariable, and alterations in the Rb pathway are almost invariable. This information, along with the fact that patients with Li-Fraumeni syndrome with germline p53 abnormalities and patients with hereditary retinoblastoma with germ-line Rb pathway alterations are predisposed to osteosarcoma, implicates these pathways as central to osteosarcomas pathogenesis. When sequencing analyses are performed on osteosarcomas, regions of hypermutation called kataegis are frequently present. 40 Although alterations in p53 and Rb result in genetic instability, it is not clear if all of the complexity is driven by these alterations. Notably, a large genome-wide association study identified two loci associated with osteosarcoma development, neither of which has a clear relationship to these pathways. 41 Given the genome complexity of high-grade osteosarcomas, it is certain that these highly diverse structural and numeric aberrations exert diverse biologic effects. However, accumulating sufficient biologic data to overcome the complexity problem requires large studies. One such collaborative program, the National Cancer Institute's Therapeutically Applicable Research to Generate Effective Treatments program (TARGET), is currently investigating osteosarcoma.
42 A multi-institutional project team is generating data from clinically annotated samples using sequencing and microarray platforms to detect mutations (exome, whole genome, single nucleotide polymorphism, copy number), gene expression (mRNA, miRNA), and epigenetic modifications (DNA methylation). The goal of this study is to use integrated genomic analysis of a sufficiently large sample set to enable dissection of the heterogeneity present among high-grade osteosarcomas with respect to mutation, gene expression, and epigenetic signatures. Although existing information suggests that mutations in drug targets will occur at a low frequency, currently available data do not provide sufficient sample numbers to derive clinical correlations that impact clinical trial design or motivate new laboratory and translational investigations of osteosarcoma biology. It is hoped that TARGET and other large genomics studies will provide a rich, publicly available data resource with significant impact on the future of osteosarcoma research.
CURRENT AND FUTURE CLINICAL TRIALS
Before investing significant resources to study a novel agent, substantial consideration of many factors should be considered. As described by Khanna et al, 43 rigorous preclinical data, including animal modeling and an understanding of mechanism of action, among other factors, will be critical when considering agents for clinical investigation. With this as the background, numerous preclinical studies have been performed or initiated to look for the various described levels of evidence, including expression of the target on osteosarcoma tumor samples, evidence of efficacy in preclinical mouse models, and evidence of efficacy in dogs that develop osteosarcoma spontaneously. Indeed, the study of ch14.18 that will be described subsequently was preceded by an analysis of GD2 expression in osteosarcoma tumor tissue. The Pediatric Preclinical Testing Program (PPTP), another example of advances through collaboration, is a National Cancer Institute-funded initiative to screen new drugs though patient-derived xenograft tumors grown in severe combined-immunodeficiency mice. Osteosarcoma is included in those screening efforts to identify eribulin and glembatumumab as agents with potential efficacy. Transgenic mouse models with alterations in receptor activator of nuclear factor 〉 ligand (RANKL) that develop osteosarcoma suggest the potential efficacy of denosumab. A comparative oncology effort will screen other agents in canines with osteosarcoma, including rapamycin, which, if efficacious, may be of interest for further development in human patients with osteosarcoma.
Following the aforementioned guidelines, COG has begun to develop clinical trials to evaluate a variety of agents in patients with osteosarcoma. 44 At present, few new agents are recognized to have efficacy in the treatment of osteosarcoma. This is likely in part because of the relative resistance of osteosarcoma to chemotherapy, but may be related in part to the use of radiographic response as the primary end point in osteosarcoma phase II trials. Because of extensive calcified matrix, osteosarcoma that is responsive to therapy often does not shrink radiographically. Thus, the objective in subsequent studies will be to identify agents that demonstrate an improvement in the time to progression for patients with relapsed and refractory disease when compared with the consistent rapid progression seen in previous phase II studies of the mostly ineffective agents listed in Table 1 . It should be noted that some recent trials, including a study of sorafenib reported by the Italian Sarcoma Group, seem to suggest activity of the experimental agent when using prolonged stabilization of disease as an end point, which is effectively a progression-free survival end point.
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A phase II study of eribulin, a novel microtubule inhibitor, is now openthroughCOGandavailabletoadult-basedcooperativegroupsusing the Clinical Trials Support Unit through the National Cancer Institute. Eribulin has gained interest on the basis of data reported by the PPTP demonstrating complete responses in three of six osteosarcoma xenografts. 55 This agent has been used successfully in patients with multiply relapsed breast cancer 56 and has demonstrated activity in patients with soft tissue sarcoma. 57 This phase II evaluation is currently enrolling patients and that process is expected to be complete in 2015.
Denosumab, a fully human monoclonal antibody against RANKL, has been demonstrated to have efficacy with advanced giantcell tumor of bone. Interest in using denosumab for patients with osteosarcoma has since arisen on the basis of the aforementioned transgenic model. Further support is derived from transgenic mouse models with manipulations in the parathyroid hormone receptor, which affect RANK signaling. In addition, RANK signaling has been shown to be important in osteosarcoma cell growth and motility.
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A phase II clinical trial is expected to open in 2015 to assess the efficacy of denosumab in patients with refractory or relapsed osteosarcoma.
Glembatumumab vedotin is a novel antibody-auristatin conjugate that targets cells expressing the transmembrane glycoprotein GPNMB (glycoproteinnonmelanomaproteinB,osteoactivin)andispresentwitha high level of activity in osteosarcoma cell lines. Preclinical testing in the PPTP demonstrated a statistically significant improvement in osteosarcoma xenograft event-free survival distribution compared with control; three of six xenografts demonstrated a maintained clinical response. 59 On the basis of these data, a phase II clinical trial is being developed by COG to assess efficacy in patients with relapsed osteosarcoma.
A fourth trial in development through COG includes the use of an anti-GD2 (disialoganglioside) antibody. 44 Therapy directed against GD2 has been typically used for patients with stage IV neuroblastoma, for which the anti-GD2 antibody ch14.18 has been shown to improve eventfreesurvivalwhengiveninthesettingofminimalresidualdisease.Because more than 95% of osteosarcoma tumors express GD2, this is a rational target for patients with osteosarcoma. 60 Expected to open in 2015, this planned trial will include patients younger than age 30 years with relapsed osteosarcoma who have had a complete tumor resection.
In conclusion, the treatment of osteosarcoma has evolved greatly during the last 40 years. In early times, the treatment involved ablative surgery that was associated with a morbid outcome and with only a small probability of long-term survival. The recognition and understanding of the presence of micrometastatic disease, along with the advent of chemotherapy and complex surgical procedures, have led to tremendous progress in curing a greater proportion of patients while achieving an improved quality of life. However, the great progress that was seen in the 1970s and early 1980s has since stalled. There is now an increased focus on understanding the complex biology of osteosarcoma and identifying novel agents that have the best chance of success when efficacy is assessed. These efforts have been enhanced by collaborative initiatives such as the PPTP, TARGET, and EURAMOS. Using a new prioritization schema 43 to identify agents that are believed to have the strongest rationale for efficacy testing will hopefully streamline resources and allow for more efficient progress in advancing treatment. In addition, continued international collaboration through the EURAMOS group will be critical to the future design of trials so that rapid and efficient accrual can occur while eliminating redundancy and consolidating efforts to improve prognosis for this rare disease. The currently open and future clinical trials will assess these new therapies and will increase hope that we will successfully navigate 
